
Abstract Limited studies of the regulation of pineal
melatonin biosynthesis in ungulates indicate that it dif-
fers considerably from that in rodents. Here we have in-
vestigated several signal transduction cascades and their
impact on melatonin synthesis in bovine pinealocytes.
Norepinephrine increased the intracellular calcium ion
concentration ([Ca2+]i) via α1-adrenergic receptors. Ac-
tivation of β-adrenergic receptors enhanced cAMP accu-
mulation and rapidly elevated arylalkylamine N-acetyl-
transferase (AANAT) activity and melatonin secretion.
The β-adrenergically evoked increases in AANAT activ-
ity were potentiated by α1-adrenergic stimulation, but
this was not seen with cAMP or melatonin production.
PACAP treatment caused small increases in cAMP,
AANAT activity and melatonin biosynthesis, apparently
in a subpopulation of cells. VIP and glutamate did not
influence any of these parameters. Activation of nicotin-
ic and muscarinic acetylcholine receptors increased
[Ca2+]i, but did not alter cAMP levels, AANAT activity
or melatonin production. Our study reveals that discrete
differences in pineal signal transduction exist between
the cow and rodent, and emphasizes the potential impor-
tance that the analysis of ungulate pinealocytes may
play in understanding regulation of pineal melatonin
biosynthesis in primates and man, whose melatonin-

generating system appears to be more similar to that in
ungulates than to that in rodents.
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Introduction

In all vertebrates, melatonin is rhythmically produced in
the pineal gland, with high levels occurring at night. Ac-
cordingly, melatonin can be considered as the hormonal
message for darkness. Although this pattern is highly
conserved among vertebrates, the signal transduction
cascades and the molecular mechanisms that regulate
melatonin production differ strikingly. These differences
are particularly obvious when mammals, birds, and fish
are compared (Klein et al. 1997; Korf et al. 1998).

Mammalian pineal signal transduction cascades have
been investigated most intensely in the rat (Klein 1985;
Klein et al. 1997; cf. Korf et al. 1996, 1998). Norepi-
nephrine (NE) is the key physiological regulator of mela-
tonin synthesis, but other neuroactive substances have
been shown to influence the melatonin-generating system.
These include vasoactive intestinal peptide (VIP) (Ka-
neko et al. 1980; Yuwiler 1983; Simonneaux et al. 1990;
Schomerus et al. 1996), pituitary adenylate cyclase-acti-
vating polypeptide (PACAP) (Simonneaux et al. 1993;
Chik and Ho 1995; Olcese et al. 1996; Schomerus et al.
1996), as well as acetylcholine (ACh) (Schomerus et al.
1995; Letz et al. 1997; Yamada et al. 1998a).

NE is released in the rat pineal gland from sympathet-
ic nerve endings at the onset of darkness (Drijfhout et al.
1996); it activates pinealocytes through α1- and β-adren-
ergic receptors and subsequent increases in the intracel-
lular concentration of calcium ions ([Ca2+]i) (Sugden et
al. 1987; Schaad et al. 1993; Schomerus et al. 1995) and
cyclic AMP (Vanecek et al. 1985). Increases in cAMP
concentration are essential for activation of melatonin
production. Elevated cAMP levels result in protein ki-
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nase A-dependent phosphorylation of the stimulatory
transcription factor cyclic AMP response element
(CRE)-binding protein (CREB) (Roseboom and Klein
1995; Tamotsu et al. 1995; Maronde et al. 1999). Phos-
phorylated (p) CREB binds to a CRE element in the aryl-
alkylamine N-acetyltransferase (AANAT) gene (Baler et
al. 1997), resulting in increased transcription and accu-
mulation of AANAT mRNA (Roseboom et al. 1996).
AANAT is of special importance because changes in the
activity of this enzyme control the daily rhythm in mela-
tonin synthesis in vertebrates (Klein and Weller 1970).
The daily fluctuations in AANAT mRNA are associated
with similar changes in AANAT protein levels and
AANAT activity (Klein 1985; Klein et al. 1997). In addi-
tion to this transcriptional mechanism, which controls
AANAT protein and activity in the rat, there is posttrans-
lational regulation of AANAT protein levels via cAMP-
dependent inhibition of proteasomal proteolysis in all
vertebrates investigated so far (Gastel et al. 1998;
Schomerus et al. 2000; Falcón et al. 2001; Iuvone et al.
2002); this mechanism involves phosphorylation-depen-
dent binding of AANAT to 14-3-3 proteins, which
shields AANAT from proteolysis (Ganguly et al. 2001;
Obsil et al. 2001).

Marked differences in the mechanism involved in reg-
ulating AANAT activity are seen when rodents are com-
pared to ungulates. The most obvious is the difference in
the night/day levels of AANAT mRNA: in the rat, the
night/day ratio is >100 (Roseboom et al. 1996), whereas
it is ~1.5 in ungulates (Coon et al. 1995). In the latter,
AANAT protein levels are regulated primarily at the
posttranslational level by controlled proteasomal proteol-
ysis (Schomerus et al. 2000). Similar mechanisms may
also operate in primates because the AANAT mRNA
night/day ratio in the Rhesus monkey is small (Klein et
al. 1997) and the dynamics of melatonin secretion are
similar to those in ungulates (Arendt 1995).

This distinct difference between rodents and ungulates
provides clear evidence that models of pineal signal trans-
duction based solely on the rat may not apply to mamma-
lian species other than rodents. To clarify how melatonin
production might be regulated in the human pineal gland,
it is important to obtain a full understanding of pineal sig-
nal transduction cascades in other model systems. The ex-
periments presented in this report were designed to pro-
vide an understanding of the influence of various stimuli
(adrenergic, cholinergic, peptidergic, glutamatergic) on
[Ca2+]i, cAMP accumulation, AANAT activation, and me-
latonin release in another model system, the bovine pine-
alocyte (Schomerus et al. 2000). Our results offer new in-
sights into vertebrate pineal signal transduction.

Materials and methods

Materials

Drugs and chemicals were obtained from the following sources:
norepinephrine, isoproterenol, phenylephrine, acetylcholine, nico-
tine, atropine, d-tubocurarine, nifedipine, carbachol, glutamate, 3-

isobutyl-1-methylxanthine, tryptamine hydrochloride, poly-L-
lysine (Sigma, Deisenhofen, Germany); forskolin, VIP, PACAP
(Calbiochem, Bad Soden, Germany); Bay K 8643, oxotremorine-
M (Biotrend, Köln, Germany); papain (Boehringer, Mannheim,
Germany); bisubstrate inhibitor (BSI, coenzyme A-S-acetyltrypt-
amine; RBI, Natick, Mass., USA); Fura-2/AM (Molecular Probes,
Leiden, Netherlands); Rp-8-CPT-cAMPS (Biolog, Bremen, Ger-
many).

Cell culture

Bovine pineal glands were obtained from male and female animals
at an abattoir in the vicinity of Frankfurt/Main, Germany. The
glands were dissected between 0600 h and 1000 h within 15 min
after death and brought to the laboratory on wet ice. Dissociated
pinealocytes were prepared as described (Schomerus et al. 2000)
and plated into 96-well culture dishes (Nunc, Wiesbaden, Germa-
ny; ~200,000 cells per well) or onto poly-L-lysine-coated cover-
slips. The viability of the adherent cells, assessed by trypan blue
exclusion, was found to be ~95%. Immobilized pinealocytes were
incubated in DMEM/F12 growth medium containing fetal calf se-
rum (10%), HEPES (10 mM), penicillin (100 U/ml), streptomycin
(100 µg/ml), ascorbic acid (100 µg/ml), and amphotericin B
(1 µg/ml) under 92% air/8% CO2 at 37 °C. After five days in cul-
ture, the cells were incubated in serum-free growth medium for
1 h prior to the onset of the experiments. All treatments were done
in serum-free growth medium. The experiments were performed
throughout the year; there was no evidence for a seasonal varia-
tion in the responses studied.

[Ca2+]i measurements

Pinealocytes immobilized on coverslips were loaded with fura-
2/AM (2.5 µM) for 15 min at 37 °C in growth medium containing
10% fetal calf serum. Subsequently, coverslips were rinsed with
saline (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
5 mM glucose, 10 mM HEPES, pH 7.4), placed into a superfusion
chamber mounted on the heatable stage of an Axiovert 100 micro-
scope (Zeiss, Germany), and superfused with saline at 37 °C. Data
acquisition and analysis of fluorescence signals from single cells
were performed by use of an Attofluor calcium imaging system
(Zeiss, Germany; see Schomerus et al. 1995). For stimulation of
the cells under Ca2+-free conditions, CaCl2 was omitted from the
saline and EGTA (5×10–4 M) was added. In some experiments, the
semiquantitative ratio values were converted to approximate calci-
um concentrations by performing in vitro calibrations subsequent
to the experiments. At least 300 cells were analysed in each exper-
iment.

Cyclic AMP measurements

Cyclic AMP was measured in cell extracts and in mixed prepara-
tions of media and cells. For measurements of intracellular cAMP,
cells were treated with the indicated drugs for 15 min. Thereafter,
the supernatants were aspirated and ice-cold 80% ethanol was
added to the cell pellets for 30 min. To remove precipitates, the
samples were centrifuged for 10 min (10,000 g), and the superna-
tants were taken to dryness under vacuum. Cyclic AMP was ace-
tylated and its total amount determined by use of a commercial
ELISA (IHF GmbH, Hamburg, Germany). For measurements of
total accumulated cAMP, cells were treated with the phosphodies-
terase inhibitor 3-isobutyl-1-methylxanthine (IBMX; 5×10–4 M;
15 min) and then stimulated with the indicated drugs for 15 min in
the presence of IBMX. Cells and the corresponding media were
collected together, and ethanol was added to a final concentration
of 80%. The samples were kept on ice for 30 min, and cell debris
were removed by centrifugation for 10 min (10,000 g). Cyclic
AMP was determined as described above. The cAMP measure-
ments were verified in control experiments. The cAMP values ob-
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tained remained basically unchanged, irrespective of whether
cAMP was extracted with 80% ethanol or with 6% trichloric acid
followed by removal of trichloric acid with diethyl ether. Further-
more, exogenous cAMP added to the samples was recovered with
an average rate of ~90%, indicating that there was no substantial
loss of cAMP during the extraction procedure (data not shown).

AANAT immunocytochemistry

For immunocytochemical demonstration of AANAT, cells were
treated with the indicated drugs for 6 h. Untreated preparations
served as controls. Cells were fixed with 4% glutaraldehyde (10 min)
and incubated with a highly specific polyclonal antibody raised
against a synthetic peptide corresponding to ovine AANAT1–25 (se-
rum 3343; 1:25,000), which recognizes bovine AANAT (Schomerus
et al. 2000). Binding of the primary antibody was visualized using
the ABC method, with a biotin-conjugated anti-rabbit IgG (Sigma,
Deisenhofen, Germany) as the second antibody, a horseradish per-
oxidase-conjugated streptavidin complex (Sigma, Deisenhofen,
Germany), and diaminobenzidine as the chromogen. Antiserum
specificity was validated by preabsorption of the antiserum (over-
night, at room temperature) with 100-fold molar excess of the an-
tigenic peptide. The resulting antiserum did not generate an im-
munopositive signal with preparations of NE-treated cells.

Immunoblot analysis of AANAT

Cells were treated for 6 h with the indicated drugs, removed from
96-well culture dishes, collected by centrifugation (30 s, 10,000 g),
and frozen on solid CO2. Sample preparation, immunoblotting and
immunodetection were performed using the AANAT antiserum
3343 (1:25,000) as described (Schomerus et al. 2000). Analysis of
the protein concentration in the cell extracts (Bradford 1976) indi-
cated that equal amounts of protein were loaded in each lane.

AANAT activity assay

AANAT activity was measured in homogenates from cells treated
for 6 h with the indicated drugs. For preparation of cell homoge-
nates, cells were collected from 96-well culture dishes and pellet-
ed by centrifugation (30 s, 10,000 g). The supernatants were re-
moved, and the cell pellets were frozen on solid CO2. After thaw-
ing, the broken cells were incubated at 37 °C in 0.1 M ammonium
acetate, pH 6.8, containing tryptamine (0.1 mM) and [1-14C]acetyl
coenzyme A (10–3 M; specific activity 55 µCi/µmol; New England
Nuclear, Köln, Germany). After 20 min, the reaction was stopped
by adding 1 ml chloroform. The organic phase containing radiola-
belled N-[14C]acetyltryptamine was washed twice with 0.2 ml of
chloroform-saturated 0.1 M ammonium acetate, pH 6.8. Finally, a
0.5 ml sample of the chloroform phase was taken to dryness, and
radioactivity was determined.

Radiolabelled reaction products were verified by thin-layer
chromatography using authentic N-acetyltryptamine as a marker. In
both controls and stimulated cells, synthesis of N-[14C]acetyltrypt-
amine was totally blocked by an AANAT-specific bisubstrate in-
hibitor (BSI, coenzyme A-S-acetyltryptamine; 10–4 M; Khalil and
Cole 1998). Activity values were normalized against the amount of
total protein determined using the method of Bradford (1976).

Melatonin secretion

Cells were treated with drugs for different time intervals as indi-
cated. Thereafter, melatonin secreted into the supernatant was de-
termined by a commercial ELISA (IHF GmbH, Hamburg, Germa-
ny) using biotinylated melatonin as a tracer. The detection limit of
this assay is 2 pg melatonin/ml. For data presentation, the melato-
nin concentration in the supernatant of cells treated with NE
(10–7 M) was set as 100%, and all other values were expressed as

% of the value obtained after treatment with NE, unless otherwise
indicated. The average melatonin concentration in the superna-
tants of the pinealocyte preparations after treatment with NE
(10–7 M) ranged between 15 and 30 ng/ml.

Statistics

To minimize effects of inter-individual variation, pineal glands
from at least three animals were pooled for a single cell prepara-
tion, and all data presented are based on at least three different
preparations. Data from three individual experiments were statisti-
cally analyzed using an ANOVA, with subsequent Bonferroni
tests, with P<0.05 as the criterion of significance and expressed as
mean ± SEM.

Results

[Ca2+]i measurements

NE treatment increased [Ca2+]i in 75% of the pinealo-
cytes (Fig. 1A–F). The lowest NE concentration found to
increase [Ca2+]i was 10–7 M. The most robust responses
were obtained at 10–6 M NE (Fig. 1A). Calibration of the
semiquantitative ratio values showed that [Ca2+]i rose
from basal levels of 75±10 nM to peak values of
440±60 nM (data not shown). The NE-induced [Ca2+]i re-
sponse was biphasic: immediately after the onset of the
stimulus, [Ca2+]i increased to a transient maximum;
thereafter, [Ca2+]i decreased, but remained significantly
elevated above basal levels as long as the cells were ex-
posed to the stimulus. When cells were kept in Ca2+-free
saline, NE treatment induced a short-lasting rise in
[Ca2+]i, the amplitude of which was smaller than that ob-
served in cells kept in Ca2+-containing saline (Fig. 1B).
NE treatment did not induce a [Ca2+]i response in cells
that were kept in Ca2+-free saline and pretreated with
2 µM thapsigargin (data not shown). These results indi-
cate that both extracellular and intracellular calcium
pools contribute to the NE-evoked [Ca2+]i response.

To identify the type of adrenoreceptor involved in the
[Ca2+]i response, cells were treated with α1- (phenyleph-
rine; PE) or β- (isoproterenol; ISO) specific adrenergic
agonists. Like NE, PE treatment at a concentration of
≥10–7 M elicited a biphasic [Ca2+]i response in ~70% of
the cells, whereas ISO (10–6 M) treatment did not alter
[Ca2+]i (Fig. 1C). To investigate whether functional volt-
age-gated calcium channels are present in bovine pinealo-
cytes, cells were treated with KCl (6×10–2 M; Fig. 1D) or
Bay K 8643 (10–6 M; data not shown). In both cases,
~70% of the cells responded to the stimulus. There was
no apparent [Ca2+]i response of pinealocytes to VIP, PA-
CAP (10–7 M each; Fig. 1D), or glutamate (10–3 M; data
not shown).

In nearly all NE-responsive cells, ACh (10–4 M;
Fig. 1E) or carbachol (10–4 M, data not shown) elicited an
increase in [Ca2+]i. Treatment with cholinergic agents in-
creased [Ca2+]i about fivefold from basal levels (70±10 nM
versus 370±50 nM), according to calibration of the semi-
quantitative ratio values. The majority of these cells also
responded to both the nicotinic receptor agonist nico-
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tine and the muscarinic receptor agonist oxotremorine-M
(Fig. 1E). The threshold concentrations of nicotine and
oxotremorine-M required to induce [Ca2+]i responses were
10–5 M and 10–6 M, respectively (Fig. 1F). The response to
10–4 M nicotine could be blocked by the nicotinic receptor
antagonist d-tubocurarine (10–4 M), by inhibitors of volt-
age-gated L-type calcium channels (nifedipine or verapam-
il; 10–4 M each) or application of nicotine in Ca2+-free sa-
line. The response to oxotremorine-M (10–5 M) could be
abolished by the muscarinic receptor antagonist atropine
(10–8 M; data not shown).

Accumulation of cAMP

Treatment with NE (10–7 M) increased the intracellular
cAMP level about twofold within 5 min; cAMP re-
mained elevated during the 6 h experimental period
(Fig. 2). An increase in cAMP with a similar time-course
was also induced by ISO (10–7 M), whereas PE (10–6 M)
had no effect (Fig. 2). Our data extend previous results

(Olcese et al. 1991) and indicate that β-adrenergic recep-
tors mediate a long-lasting rise in intracellular cAMP in
response to NE treatment. Treatment with the cAMP
protagonist forskolin (10–5–10–7 M) also increased intra-
cellular cAMP levels in a dose-dependent manner
(Fig. 3A). 

In the following experiments, unless otherwise indi-
cated, total cAMP accumulation (i.e. intracellular cAMP
plus cAMP secreted into the medium) was measured in
cell preparations treated with the phosphodiesterase in-
hibitor 3-isobutyl-1-methylxanthine (IBMX; 5×10–4 M).
Addition of IBMX markedly increased the amplitudes of
the cAMP responses. Treatment with 10–7 M NE or
10–7 M ISO for 15 min resulted in an eight- to 15-fold
rise in cAMP accumulation over control values, whereas
PE at concentrations of up to 10–6 M had no effect
(Fig. 4A). This is consistent with the interpretation that
phosphodiesterases continually destroy cAMP.

To investigate whether the β-adrenergically evoked
rise in cAMP accumulation is potentiated by α1-adrener-
gic stimulation, cells were treated with combinations of
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Fig. 1A–F [Ca2+]i recordings
from isolated bovine pinealo-
cytes. A Norepinephrine (NE)
increased [Ca2+]i in a dose-de-
pendent manner. The response
was biphasic: after a transient
maximum, [Ca2+]i dropped to
an elevated level persisting as
long as the cells were exposed
to NE. B When NE was ap-
plied in Ca2+-free saline, the
amplitude of the response was
reduced, and [Ca2+]i rapidly
dropped to basal levels before
NE was removed. C Phenyleph-
rine (PE; 10–6 M), but not iso-
proterenol (ISO; 10–6 M) mim-
icked the [Ca2+]i response in-
duced by NE (10–6 M). D KCl
(6×10–2 M) elicited a rise in
[Ca2+]i in most NE-responsive
cells, whereas VIP (10–7 M) or
PACAP (10–7 M) were ineffec-
tive. E The cholinergic agonists
acetylcholine (ACh), nicotine
(Nic), and oxotremorine-M
(Oxo) (10–4 M each) elicited
marked increases in [Ca2+]i in
cells that were also responsive
to NE (10–6 M). F The [Ca2+]i
responses induced by nicotine
(Nic) or oxotremorine-M (Oxo)
were dose-dependent. All ex-
periments were performed at
least in triplicate with cells
from different cell preparations.
For further details, see Materi-
als and methods



ISO and PE. PE was given at a concentration of 10–6 M,
a concentration shown to induce a strong [Ca2+]i re-
sponse (Fig. 1C) and a weak increase in melatonin secre-
tion (Figs. 4D and 5C). Under these conditions, PE did
not potentiate the rise in cAMP elicited by a range of
ISO concentrations alone (Fig. 5A). Also in the absence
of IBMX, a potentiating effect of PE (10–6 M) on cAMP
accumulation induced by various concentrations of ISO
ranging from 10–6 M to 10–10 M was not detectable (see
Fig. 2, for a representative experiment with 10–7 M ISO).

Of the other drugs tested, only PACAP (10–7 M) caused
a significant increase in cAMP (Fig. 4A). However, the ef-
ficacy of PACAP to elevate cAMP was distinctly lower
than that of NE. VIP (10–7 M), Bay K 8643 (10–6 M), KCl
(6×10–2 M) (Fig. 4A), glutamate (10–3 M), as well as the
cholinergic agents ACh and carbachol (10–4 M each; data
not shown) did not significantly alter cAMP.

Determination of AANAT protein levels and activity

In confirmation of our previous study (Schomerus et al.
2000), AANAT protein was readily detected in unstimu-
lated bovine pinealocytes, it was found as a single 24-
kDa signal in immunoblots (Fig. 4B), and the intensity
of this signal was markedly increased in cells treated
with NE (10–7 M). Moreover, we found that ISO treat-
ment (10–7 M) for 6 h elicited a response very similar to
that induced by NE, whereas PE (10–6 M) treatment was
without effect (Fig. 4B).

As observed with AANAT protein levels, AANAT ac-
tivity was strongly enhanced by treatment with NE
(Figs. 3B, 4C, 6A and 7A; see Schomerus et al. 2000) or
ISO, but not by PE (Fig. 4C). Forskolin (10–5 M) mim-
icked the effect of NE; however, lower concentrations of
forskolin (10–6 M; 10–7 M) were distinctly less potent
(Fig. 3B). This is noteworthy, because treatment with
these concentrations of forskolin (10–6 M; 10–7 M) ele-

vated cAMP to an extent similar to that induced by
10–7 M NE (see above). 

The importance of cAMP in the effects of NE and
forskolin were examined using Rp-8-CPT-cAMPS, a se-
lective blocker of cAMP stimulation of protein kinase A.
This compound blocked both the NE- and the forskolin-
induced increases in AANAT activity in a dose-depen-
dent manner (Fig. 6A).
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Fig. 2 Time-course study of intracellular cAMP levels after stim-
ulation with adrenergic receptor agonists. Cells were stimulated
with norepinephrine (NE; 10–7 M), isoproterenol (ISO; 10–7 M),
phenylephrine (PE; 10–6 M), or a combination of ISO (10–7 M) +
PE (10–6 M) without addition of IBMX. Data were determined in
duplicate in each experiment; for data presentation, results from
two independent experiments were pooled. For further details, see
Materials and methods

Fig. 3 Effects of norepinephrine (NE) and forskolin (FK) on intra-
cellular cAMP levels (A), AANAT activity (B), and melatonin
production (C). Cells were untreated (CO) or stimulated with
10–7 M NE or various concentrations of FK without addition of
IBMX. After 15 min, samples were prepared for cAMP analysis.
AANAT activity and melatonin levels in the culture medium were
measured after 6 h. Data were determined in duplicate in each ex-
periment; for data presentation, results from three independent ex-
periments were pooled. For further details, see Materials and
methods. *P<0.05, **P<0.001 vs untreated cells
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Fig. 4 Effect of adrenergic receptor agonists, VIP, PACAP, and
[Ca2+]i-elevating drugs on cAMP accumulation (A), AANAT pro-
tein levels (B), AANAT activity (C), and melatonin secretion (D).
Cells were untreated (CO) or stimulated with the indicated drugs.
A Total accumulated cAMP (i. e. intracellular cAMP plus cAMP
secreted into the medium) was measured in cell preparations stim-
ulated with the indicated drugs for 15 min in the presence of
IBMX (5×10–4 M). B AANAT protein levels were calculated
semiquantitatively as described (Wicht et al. 1999) and expressed
as percentage of the signal obtained after stimulation with NE. C
AANAT activity was determined in cell homogenates. D Melato-
nin secretion was expressed as percentage of the value obtained
after stimulation with NE. Data were determined in duplicate in
each experiment; for data presentation, results from three inde-
pendent experiments were pooled. For further details, see Materi-
als and methods. NE (norepinephrine; 10–7 M), ISO (isoprotere-
nol; 10–7 M), PE (phenylephrine; 10–7 M), ISO+PE (combined
treatment with 10–7 M ISO and 10–6 M PE), VIP (10–7 M), PA-
CAP (10–7 M), Bay K 8643 (10–6 M), KCl (6×10–2 M). *P<0.05,
**P<0.001 vs untreated cells; NE-treated vs ISO-treated cells: not
significant (A, B, D) and *P<0.05 (C), respectively

To investigate whether AANAT protein or AANAT
activity are regulated through a mechanism that in-
volves α1/β-adrenergic potentiation, as is the case in
the rat, cells were stimulated with various concentra-
tions of ISO (ranging from 10–6 M to 10–11 M) plus
10–6 M PE. No evidence of potentiation was obtained
from analysis of AANAT protein levels: in no case did
PE markedly increase the response to ISO; the re-
sponses to combined treatment with PE and ISO were
very similar to that induced by equimolar amounts of
ISO alone. A representative experiment with an ISO
concentration of 10–7 M is shown in Fig. 4B. In con-
trast, PE clearly potentiated the effect of ISO on

AANAT activity over a broad range of concentrations
(Fig. 5B).

Of the other agents studied, PACAP (10–7 M) treat-
ment resulted in weak increases in AANAT protein lev-
els (Fig. 4B) and AANAT activity (Fig. 4C). Immuno-
cytochemical analyses revealed that PACAP induced
changes in AANAT protein levels in a much smaller per-
centage (~15%) of pinealocytes than did NE (Fig. 8).
Treatment with VIP (10–7 M), Bay K 8643 (10–6 M), or
KCl (6×10–2 M) did not affect AANAT protein levels or
activity (Fig. 4B, C). Likewise, ACh (10–4 M), carbachol
(10–4 M), or glutamate (10–3 M) did not change AANAT
protein levels (data not shown) or activity (Fig. 7A).

Melatonin

NE (10–7 M) treatment for 6 h induced a 5- to 12-fold in-
crease in melatonin accumulation compared with un-
treated cells (Figs. 3C, 4D, 6B and 7B). The effect of NE
was dose- and time-dependent; the lowest effective NE
concentration was 10–9 M, and maximal responses were
obtained at 10–7 M NE. Time-course studies indicated
that melatonin levels started to increase already within
1 h after NE application, and melatonin gradually accu-
mulated in the course of the experiments (Fig. 9A). Like
NE, ISO induced a marked increase in melatonin secre-
tion (Fig. 4D). PE induced a weak increase in melatonin
secretion only at high concentrations (10–6 M; Fig. 4D)
and did not amplify the response induced by various
concentrations of ISO (Fig. 5C). The NE-induced mela-
tonin response was mimicked by treatment with 10–5 M



forskolin, but not at lower concentrations (10–6 M;
10–7 M) (Fig. 3C). The increases in melatonin production
induced by NE or forskolin were blocked by Rp-8-CPT-
cAMPS in a dose-dependent manner (Fig. 6B).

PACAP at concentrations of ≥10–9 M induced a moder-
ate increase in melatonin secretion. The maximal effect
was observed at 10–7 M PACAP, and this concentration
was used in all experiments throughout this study. After
treatment with PACAP (10–7 M) for 6 h, the melatonin
content in the supernatants was approximately 50% of that

of NE-treated cells (Fig. 4D). An increase in melatonin
was already detectable after 1 h (Fig. 9B). Treatment with
VIP (10–7 M), Bay K 8643 (10–6 M), or KCl (6×10–2 M)
was without effect (Fig. 4D). Likewise, application of
ACh, carbachol (10–4 M each) or glutamate (10–3 M) for
6 h failed to affect melatonin release (Fig. 7B).

Effects of cholinergic and glutamatergic stimuli 
on NE-dependent AANAT activity and melatonin secretion

To examine putative interactions of cholinergic, gluta-
matergic, and adrenergic stimuli on melatonin release, one
group of cells was treated for 6 h with a combination of
10–7 M NE plus either 10–4 M acetylcholine, 10–4 M car-
bachol, or 10–3 M glutamate. Co-application of NE plus
acetylcholine, carbachol, or glutamate did not significant-
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Fig. 5 Dose-response curves for total cAMP accumulation (A),
AANAT activity (B) and melatonin secretion (C) induced by
phenylephrine (PE), isoproterenol (ISO), or ISO + 10–6 M PE. To-
tal accumulated cAMP, i.e. the total amount of cAMP extracted
from the cells plus cAMP secreted into the supernatants, was de-
termined 15 min after the onset of stimulation in the presence of
IBMX. Cells were stimulated with the indicated concentrations of
ISO or PE or combinations of a range of concentrations of ISO
plus 10–6 M PE. Data were determined in duplicate in each experi-
ment; for data presentation, results from two independent experi-
ments were pooled. For further details, see Materials and methods

Fig. 6 Effects of the cAMP antagonist Rp-8-CPT-cAMPS (Rp-8)
on norepinephrine (NE)- and forskolin (FK)-induced increases in
AANAT activity (A) and melatonin production (B). Cells were
pretreated with the indicated concentrations of Rp-8-CPT-cAMPS
for 1 h and then stimulated with NE (10–7 M) or FK (10–5 M) in
the presence of the antagonist for 6 h. Note that treatment of cells
with Rp-8-CPT-cAMPS (10–3 M) alone did not significantly affect
AANAT activity or melatonin production compared with unstimu-
lated cells. Data were determined in duplicate in each experiment;
for data presentation, results from two independent experiments
were pooled. For further details, see Materials and methods



ly affect AANAT activity or melatonin production com-
pared with the effects elicited by NE alone (Fig. 7A, B). A
second group was treated with 10–7 M NE alone for 0.5 h
and then for 5.5 h with a combination of 10–7 M NE plus
either 10–4 M acetylcholine, 10–4 M carbachol, or 10–3 M
glutamate. A third group was treated for 0.5 h with either
10–4 M acetylcholine, 10–4 M carbachol, or 10–3 M gluta-
mate and then for 6 h with a combination of 10–7 M NE
plus acetylcholine, carbachol, or glutamate. These com-
bined treatments did not significantly alter melatonin se-
cretion compared with the response to treatment with NE
(10–7 M) alone (data not shown).

Discussion

In the present study, we have used a primary cell culture
of bovine pinealocytes to investigate signal transduction
cascades regulating the biosynthesis of melatonin in an
ungulate species. A comparison between our data ob-
tained with bovine pinealocytes and previous results
from rat pinealocytes reveals similarities and differences
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Fig. 7 Effect of acetylcholine receptor agonists and glutamate on
basal and norepinephrine (NE)-dependent AANAT enzyme activi-
ty (A) and melatonin secretion (B). Cells were untreated (CO) or
treated for 6 h with NE (10–7 M), acetylcholine (ACh; 10–4 M) car-
bachol (Carb; 10–4 M), or glutamate (Glut; 10–3 M) alone or with
combinations of NE + ACh or Carb or Glut. Data were determined
in duplicate in each experiment; for data presentation, results from
two independent experiments were pooled. For further details, see
Materials and methods; n.s. not significant

Fig. 8A–C Immunocytochemical detection of arylalkylamine
N-acetyltransferase (AANAT) in bovine pinealocytes. Cells
were cultured for 5 days and treated with the indicated drugs for
6 h. A Unstimulated cell preparations were weakly AANAT im-
munoreactive. B Norepinephrine (10–7 M) induced a strong
AANAT immunoreaction in most pinealocytes. The immunore-
action was confined to granules evenly distributed in the cyto-
plasm. The nucleus was immunonegative. C PACAP (10–7 M)
induced AANAT immunoreactivity in selected cells only. Note
that some cells are weakly AANAT immunoreactive whereas
only few cells are strongly AANAT immunoreactive. Similar re-
sults were obtained in three independent experiments. For fur-
ther details, see Materials and methods. Scale bar 15 µm for all
panels



in these cascades between these two mammalian species
(Table 1; summarizing data of the present study and pre-
vious investigations). This supports the concept that a
well-conserved neuroendocrine effector mechanism, i.e.
the production and release of melatonin at night, can be
controlled through multiple molecular mechanisms (cf.
Klein et al. 1997; Korf 1998; Korf et al. 1998) and em-
phasizes the need for comparative studies to understand
the regulation of pineal melatonin biosynthesis in the pi-
neal organ of each species of interest.

The results of the present investigation indicate that a
notable feature of regulation of melatonin production in
the rat pinealocyte is also evident in the bovine pinealo-
cyte, i.e. that NE is the most potent of several transmitter
substances. NE activates both α1- and β-adrenergic re-
ceptors. In both species, selective stimulation of β-adren-
ergic receptors leads to a marked accumulation of cAMP,
but leaves [Ca2+]i unchanged; and, α1-selective ligands
induce a strong increase in [Ca2+]i in most cells, but do
not elevate cAMP levels.

These results emphasize the dominant role of β-ad-
renergic control of melatonin synthesis in the bovine pi-

neal gland and are in line with previous studies (Chan
and Ebadi 1980; Rüppel and Olcese 1991). Furthermore,
our data show that the NE-induced rise in intracellular
cAMP is essential for melatonin synthesis and that inhi-
bition of cAMP-directed processes by blockade of pro-
tein kinase A largely abolishes the increase in melatonin
production. Thus, it is evident that, in both these mam-
mals, the dominant mechanism controlling melatonin
production involves adrenergic regulation of cAMP, al-
though the NE-induced increases in cAMP levels are less
prominent in the bovine (twofold) than in the rat (100-
fold; Vanecek et al. 1985). The basis for this difference is
not clear.

One interesting implication of our studies is that the
increase in cAMP levels alone is not sufficient to fully
activate the melatonin biosynthesis in bovine pinealo-
cytes. This is evident from the comparison of the effects
of NE and forskolin on cAMP levels, AANAT activity,
and melatonin production. Both 10–7 M NE and low dos-
es of forskolin increase cAMP levels twofold, but these
treatments do not affect AANAT activity and melatonin
synthesis in a similar manner: forskolin is distinctly less
potent. This finding suggests that additional NE-driven
mechanisms further enhance AANAT activity and mela-
tonin production, which potentiate the effects of cAMP,
but do not act via the cAMP-pathway. One mechanism
may involve [Ca2+]i, which is markedly elevated by NE
via activation of α1-adrenergic receptors, but not by for-
skolin. By itself, α1-adrenergic stimulation of bovine pi-
nealocytes does not stimulate any of the downstream pa-
rameters investigated, but it does potentiate the β-adren-
ergically induced increase in AANAT activity. With re-
gard to the molecular basis of α1/β-adrenergic interac-
tion, it is important to point out that potentiation of
AANAT activity in the bovine pinealocyte is not accom-
panied by potentiating effects on cAMP levels. This sug-
gests that the α1-adrenergic potentiation of AANAT ac-
tivity in the bovine pinealocyte occurs downstream to
the formation of cAMP. Similar downstream effects have
been described in rat pinealocytes (Yu et al. 1993), but in
this species [Ca2+]i has a second site of regulation of
AANAT activity: it potentiates the increases in cAMP
levels (Vanecek et al. 1985) via activation of protein ki-
nase C (Sugden et al. 1985). Another mechanism may
involve cGMP, which has been shown to be elevated by
NE in bovine pinealocytes (Maronde et al. 1995). Al-
though forskolin also elevates cGMP in rat pinealocytes
(Ho et al. 1989), it is not known whether this occurs in
the bovine pinealocyte.

In addition, α1-adrenergic potentiation of β-adrener-
gically induced AANAT activity in the bovine pinealo-
cyte is also not accompanied by a potentiating effect on
melatonin production. The molecular basis for this find-
ing is unclear.

The temporal patterns of melatonin secretion after ad-
renergic stimulation also differ between bovine and rat.
In the rat pineal organ, there is a 2-h lag period before
melatonin production increases significantly after onset
of NE treatment (Klein 1985; Pfeffer et al. 1999), re-
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Fig. 9A, B Time-courses of norepinephrine (NE)- and PACAP-in-
duced melatonin secretion. Bovine pinealocytes were stimulated
with 10–7 M NE (A) or 10–7 M PACAP (B) for the indicated time
periods. For each time point, melatonin was determined in the su-
pernatants of untreated and stimulated cells, and the basal melato-
nin production in untreated cells was substracted from the corre-
sponding values obtained after treatment with NE or PACAP, re-
spectively. The results are expressed as percent of the value re-
corded after 6 h stimulation with NE. Data were determined in du-
plicate in each experiment; for data presentation, results from two
independent experiments were pooled. For further details, see Ma-
terials and methods. **P<0.001 vs untreated cells



flecting the time required for AANAT mRNA to accu-
mulate (Coon et al. 1995; Roseboom et al. 1996). In con-
trast, melatonin production in bovine pinealocytes was
markedly enhanced already within 1 h after the onset of
NE treatment. This rapid response is consistent with the
finding that AANAT mRNA in ungulates is expressed at
relatively high levels in the unstimulated gland (Coon et
al. 1995; Klein et al. 1996); and, that NE rapidly increas-
es AANAT protein levels and activity by rapidly control-
ling proteasomal proteolysis of the enzyme, without re-
quiring changes in expression of the AANAT gene
(Schomerus et al. 2000). The rapid increase in melatonin
production seen with the bovine pinealocyte in vitro is
also seen in vivo: blood and cerebrospinal fluid melato-
nin levels increase rapidly after the onset of darkness
(Hedlund et al. 1977).

In vitro studies indicate that, in addition to NE, VIP
and PACAP influence pineal functions in the rat. While
the effect of VIP and PACAP on [Ca2+]i in rat pinealo-
cytes is controversial (Schaad et al. 1995; Schomerus et
al. 1996; Olcese et al. 1996; Darvish and Russell 1998;
see Table 1), it is well established that both neuropep-
tides increase cAMP levels, AANAT activity (Kaneko et
al. 1980; Yuwiler 1983; Chik and Ho 1995), and melato-
nin synthesis (Simonneaux et al. 1990, 1993; Pfeffer et
al. 1999), albeit to lesser degree than NE. As seen with

NE, the VIP- and PACAP-induced increases in melato-
nin synthesis in the rat were delayed for 2–4 h after the
onset of the treatment (Pfeffer et al. 1999), suggesting
that both neuropeptides also act via transcriptional reg-
ulation of AANAT. As shown in the present study,
PACAP weakly elevates cAMP, AANAT activity, and
AANAT protein and leads to a moderate increase in me-
latonin biosynthesis in the bovine pinealocyte. These ef-
fects were smaller than those due to NE treatment, ap-
parently because the effects of PACAP are restricted to a
subpopulation of bovine pinealocytes, as shown by im-
munocytochemical data presented in this report. As ob-
served with NE, the effects of PACAP on melatonin syn-
thesis were rapid, consistent with the interpretation that
PACAP – like NE – acts primarily via posttranscriptional
mechanisms in the bovine pinealocyte. Thus, the PACAP
signal seems to be processed differently in rat and bo-
vine pinealocytes.

In contrast to the rat, we found that VIP does not acti-
vate [Ca2+]i, cAMP, AANAT protein, AANAT activity,
or melatonin synthesis in the bovine pinealocyte. Our da-
ta indicate qualitative differences in neuropeptidergic
signaling between the two species.

The role of cholinergic signal transduction cascades
in mammalian pineal function, especially in the regula-
tion of melatonin production, is not fully understood. In
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Table 1 Comparative synopsis of bovine and rat pineal signal
transduction cascades. The effects of adrenergic, peptidergic, cho-
linergic, glutamatergic stimuli and of voltage-gated calcium chan-
nel activation, on key components/parameters of the melatonin-
generating system as determined in the present investigation and

in previous studies are summarized. The intensities of the effects
are classified as follows: – no effect, + weak effect, ++ moderate
effect, +++ strong effect, n.d. not determined (NE norepinephrine,
VGCC voltage-gated calcium channels, nic nicotinergic, musc
muscarinergic)

Stimulation [Ca2+]i Cyclic AMP AANAT mRNA AANAT Melatonin
activity/protein

Bovine Rat Bovine Rat Bovine Rat Bovine Rat Bovine Rat

β-Adrenergic –1 –2, 3, 4 +1, 5 +++6 –7 +++8 +++1, 7 +++9 +++1, 5 +++6, 9

α1-Adrenergic
alone ++1 +++2, 3, 4 –1, 5 –6 n.d. –8 –1, 7, 10 –9 –1, 5 –6, 9

with β-adrenergic –1, 5 poten- n.d. n.d. poten- poten- –1, 5 ++12

tiation11 tiation1 tiation12, 13

VIP –1 –14, 15/+16 –1 +17 n.d. +8 –1 +17, 18 –1 +19

PACAP –1 –14/+15, 20 +1 +21 n.d. n.d. +1 +22 ++1 ++23

VGCC activators ++1 +++2, 24 –1 –25 n.d. n.d. –1 n.d. –1 –26

Acetylcholine
alone ++1 +++4, 24 –1 n.d. n.d. n.d. –1 –27, 28 –1 –27, 29

(nic, (nic)
musc)

with NE –1 inhibitory27 n.d. n.d. –1 inhibitory27 –1 inhibitory27, 29

Glutamate
alone –1 +30 –1 –30 n.d. n.d. –1 –30 –1 –30, 31

with NE –1 inhibitory30 n.d. n.d. –1 inhibitory30 –1 inhibitory30, 31

The data are derived from the following sources: 1present investi-
gation; 2Sugden et al. (1987); 3Schaad et al. (1993); 4Schomerus et
al. (1995); 5Rüppel and Olcese (1991); 6Klein et al. (1997);
7Schomerus et al. (2000); 8Roseboom et al. (1996); 9Klein (1985);
10Chan and Ebadi (1980); 11Vanecek et al. (1985); 12Klein et al.
(1983); 13Yu et al. (1993); 14Schomerus et al. (1996); 15Olcese et

al. (1996); 16Schaad et al. (1995); 17Kaneko et al. (1980); 18Yuwiler
(1983); 19Simonneaux et al. (1990); 20Darvish and Russell (1998);
21Chik and Ho (1995); 22Yuwiler et al. (1995); 23Simonneaux et al.
(1993); 24Letz et al. (1997); 25Sugden et al. (1986); 26Pfeffer et al.
(1999); 27Yamada et al. (1998a); 28Buda and Klein (1978);
29Stankov et al. (1993); 30 Yamada et al. (1998b); 31 Kus et al. (1994)



neonatal rat pinealocytes, ACh increases [Ca2+]i exclu-
sively via muscarinic ACh receptors (Schomerus et al.
1999). In the first two postnatal weeks, the muscarinic
signaling is gradually shifted to nicotinic signaling and,
in adult rat pinealocytes, ACh was demonstrated to ele-
vate [Ca2+]i exclusively via nicotinic ACh receptors; ac-
tivation of muscarinic receptors did not contribute to this
response any longer (Schomerus et al. 1995; Letz et al.
1997). Activation of nicotinic ACh receptors triggers L-
glutamate exocytosis from pineal microvesicles. Report-
edly, L-glutamate inhibits NE-induced melatonin synthe-
sis through paracrine and/or autocrine mechanisms
(Yamada et al. 1998a, 1998b). Like in the adult rat, se-
lective stimulation of nicotinic ACh receptors was also
found to induce an increase in [Ca2+]i in bovine pinealo-
cytes, apparently via influx of calcium ions into the cells
through nifedipine-sensitive voltage-gated calcium chan-
nels. Surprisingly, the majority of bovine pinealocytes
also responded to stimulation of muscarinic ACh recep-
tors. The present demonstration of functional ACh recep-
tors in bovine pinealocytes conforms to immunohisto-
chemical investigations revealing a cholinergic innerva-
tion (Phansuwan-Pujito et al. 1991) and biochemical in-
vestigations showing binding sites for cholinergic li-
gands (Govitrapong et al. 1989) in the bovine pineal
gland. In contrast to rat pinealocytes, however, choliner-
gic and glutamatergic stimuli do not inhibit NE-induced
increases in AANAT activity or in melatonin production
in bovine pinealocytes. Thus, rat and bovine pinealo-
cytes also differ with regard to cholinergic signalling.
The functional significance of ACh receptors and also
that of voltage-gated calcium channels in bovine pine-
alocytes remains to be elucidated.

In conclusion, many aspects of melatonin production
in the bovine pinealocyte appear similar to those in pri-
mates; in both cases, melatonin production seems to in-
crease rapidly following exposure to darkness at night,
suggesting posttranscriptional control mechanisms. This
points to the bovine pinealocyte as a practical and poten-
tially useful model to elucidate the molecular basis of
regulation of melatonin production in non-rodent spe-
cies, including primates.
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